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Different galaxy populations

Dunlop et al, MNRAS 2017
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Different galaxy populations

Dunlop et al, MNRAS 2017
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ALMA .
: State of the Art |n Sub mm Astronomy

' _ALMA is revolutio_niizih-g the .fifel'ld,fo'f-" sub-mmastronomy

Limitations of ALMA: T
.' Limited Field of View: =~ 8® e
‘. Limited Instantaneous BandW|dth SRR
Oversubscrlptlon factor 5-10 s
-Complement ALMA with a smgle dISh lnstruments
« Large Field of View:Camera . - e
- Broadband spectrometers  © . &S

o’
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Future instrumentation for sub-mm astronomy

ALMA is revolutionizing the field of sub-mm_astronomy A

Limitations of ALMA:

-+ Limited Field of View
« Limited Instantaneous Bandwidth
» Oversubscription factor 5 -10

Complement ALMA with a single dish instruments
- Large Field of View Camera '
- Broadband spectrometers
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Kinetic Inductance Detector
Superconducting resonator optimized for radiation detection
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Distributed resonator Lumped element resonator
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Detectors per instrument

Kinetic Inductance Detector
Frequency Domain Multiplexing
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Pair breaking detector

0O =04-105

Quasiparticle

Cooper Pair

S-S0

Electron occupation
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Pair breaking detector

O=0-i05 o= 0'1(qu) - i02(qu)

Quasiparticle

/ Cooper Pair

®o @0 -

Electron occupation Electron occupation
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KID operation principle

Superconducting resonator

Q~104-106

Fres ~ 1 -10 GHZ
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Generation — Recombination (GR) Noise
Fundamental sensitivity limit

5-% /;% " ee St

Quasiparticle Cooper Pair

Superconductor in thermal equilibrium
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Generation — Recombination (GR) Noise

Fundamental sensitivity limit
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Superconductor in thermal equilibrium

Quasiparticle Cooper Pair
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Two-level-system (TLS) noise
Excess phase noise

"70 i E 5 120

L i
“‘ uu.J,.i ..._

Noise PSD (dBc/Hz)
&
O

-100 | vh\m Mu

' ' 60
10° 10* 102 103 104 10°

Frequency (Hz) o0 etal, Appl. Phys. Lett. 90 102507 (2007)

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 15 jpl.nasa.gov



Photon-noise-limited performance
Goal sensitivity

(dz/dP)? NapTqp dz 1\
= 2Phv(1 B
SBLIP v(1+m )1 + (27 Tpv)? “1F (2774pv)? \ dNyp

To achieve photon-noise-
limited performance:
* Reduce SMKlD

1001 g, BJIf’ Ivjh\mlm, \ L’.(LIJ.',,LJ J . * Increase response
L . '+ (Use amplitude readout)

10° 101 A 103 10* 10°
Frequency (Hz)
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Hybrid NbTiN-Al MKID design

Design Goals:

 Low (phase) noise

* High response

« High optical efficiency

« High multiplexing factor

Combining the best of
 NbTIN
« Al
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Readout
N4 resonator
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Si
Substrate
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* corrected

'___3;1.58

(dBc/Hz)

g
-
—
o~
-—
~
—
N
< <

101 fo

S

Sapphire

Sgf (2

-205
10’ 10? 10°

Frequency (Hz)

Gao et al., APL (2008) Barends et al., IEEE TAS (2009)

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 19 jpl.nasa.gov




Aluminum

Absorbs F > 90 GHz

Al

NbTIN
Resonator
(2A > hv)
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1 lens per antenna

1 rnm

Response (dB)

béam pattegrn

measurement
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1 lens per antenna

1T mm

Si
Substrate

Aluminum
Absorbs Readout
F>90 GHz N4 resonator
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Experimental Setup

300 K environment

4K shields

Blackbody
3<Tp<30KT™=-

Filters ———

100 mK box

Single Pixel
Beam Pattern
Light-tight
sample holder
(100 mK)
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Absorbed optical power

Absorbed power lllumination source
-7
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Geometry setup Filters Beam pattern
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100 mK box

‘ Single Pixel
Beam Pattern
sample l
\ \ Coax filters / / .
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Photon-noise limited performance
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Noise PSD (dBc/Hz)

Photon-noise limited performance in phase readout

Noise Equivalent Power

-60 ] L] Ll L] 10-16 L] L) Ll T 1
Phase | ) o —— Phase
65H Amplitude N ;fi‘i: O VU S Amplitude
400 600 800 1000 ¥ SV VOSSR A Qoo
-70K 10916(P350 ahz [MV]) 1
YA Y AA R W AAROAR A e @S a
&‘\ﬂ A '\ ) 17 =
-15F (R v ot {4 10 _
Y vls 'fi‘}L gﬁ% »5%;57MAW e X
-80} i J
-85} J
© 18
{ .10
f'l ‘ ". ;::’jr:} 1Y g ” A £ 5 s . |og10(P350 GHz [fVV])
=2 K«""‘.;, i BRI RE
L A - 400 600 800
_100 B 1 ::\' V4 |‘, VTN N e
= 19
_105 1 1 1 1 1 10 ) - L > 1 - L :
10° 10' 10° 10° 10* 10° 10 10 10 10 10

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 26 jpl.nasa.gov



Noise PSD (dBc/Hz)

Multiplexing: phase readout preferred

100 b |™ Amplitude 1-100
Phase
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Absorbed optical power
Calculation vs measurement

Pabs — 6Pcalc
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Hybrid NbTIN-Al KIDs

Recent performance improvement
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Thermal vs optical response

Cooper pairs broken by photon (light) and phonons (temperature)

F (GHz) F (GHz)
5.8974 5.8975 5.8976 58077 5.3224 5.3225 5.3226 5.3227

\\s 7

Readout line

Halfwave resonator
A A A A A
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Hybrid NbTIN-Al KIDs

Performance summary

Photon-noise-limited operation
NEP ~ 10-17 W/HO-5
« MUX factor of ~2000
« Operational range 100 — 1100 GHz
« Optical efficiency determined by antenna
 Thermal and optical response equivalent
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MKID based instrumentation 2003 - Day et al., Nature
publication of MKIDs

Sub-mm/mm imagine cameras

Instrument | telescope | first light | ~#pixels|

NIKA (2) IRAM30

MAKO CSO
|A-MKID | APEX

Sub-mm/mm on-chip

telescoj
DESHIMA ASTE

SuperSpec  LMT
VIS-IR integral field sy

Instrument | telescol

ARCONS Palomar ;
DARKNESS Paloma L 4 x 880 pixels
MEC Subaru
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Advantage of on-chip spectrometry
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Sub-mm/mm on-chip spectrometry

lllllllllllll
||||||||||||||||||||||||||||||||||||

3.5¢cm

Termination

A4

SuperSpec (V11), Redford et al., SPIE (2018)
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Normalized Power

SuperSpec 50-channel
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March 28, 2019
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SuperSpec @ LMT

{

Large Millimeter Telescope
Cerro La Negra, Mexico 2 polarizations
50 m 195-310 GHZz
R ~ 300" (oversampling factor 2)
6 x 300 detectors
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Conclusion

Antenna-coupled hybrid NbTiN-Al KIDs have shown:

Photon noise limited NEP down to 4x10-1° W/HZz0-5

MUX factors of 1000

Flexibility to operate between 100 — 1000 GHz

Antenna allows maximum coupling to telescope
Equivalence between dark and optical response

Now employed by A-MKID (APEX) and DESHIMA (ASTE)

MKID based instruments are rapidly being deployed on ground-
based observatories for both imaging and spectroscopic applications
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» ALMA Vs APEX e
}. ',State of the Art in Sub mm Astronomy R S ~

5LESS G ey
ECDFS: 0.5x0.5 deg2 5

~LABOCA (350 GHz)

‘ 900 arcmln2 in 310 hours

ALESS ~ haits g
126 sources inside ECDFS -

.ALMA Band 7 (355 GHz)
0.065 arcmin2.in 4.5 hours

30 arcmin
< >

“Totalsky
1.5x108 arcmin? -

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 40 jpl.nasa.gov



Future instrumentation for FIR astronomy
Hybrid NbTiN-Al MKIDs enable kilopixel ground-based instruments

Type F/AF Power per pixel | NEPph
(W/HZ0-5)

50 — 950 10-50 pW >3x10-16
GHz
' ' 1000 100-950 10-100 fW >1x10-17 >10°
d GHz
CMB observatory, 3 50 — 500 ~100 fwW 4x10-18 103
space GHz
_ 3 1-10 THz 30 — 300 aW >2x1071° 10%
Single dish 1000 0.8-10 THz 0.05-0.5aW >0.5x1020 104

spectrometer, space
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AMKID

World’s largest sub-mm camera
~ with ultimate ground-based sensitivity

for APEX telescope :
- 350GHz - 850GHz
4 x-880 pixels 4 x 5 x 1080 pixels

3520 pixels = 21600 pixels

Covering full 15x15 APEX FoV

Max-Planck-Institut
far
Radioastronomie

Delft
e t University of
Technology
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AMKID detector performance

« Background limited sensitivity
« 95% of theoretical efficiency
« 85% pixel yield

Very uniform sensitivity

L-band (350-GHz
4 x 880 pixels
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AMKID detector performance

. 72 _SE
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DESHIMA

Superconducting on-chip spectrometer
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DESHIMA

DESHIMA

Superconducting on-chip spectrometer

Lensed dusty starburst galaxy (Lrir = 5x1013 Ls)
t=10 hr, R =500, PWV = 0.6 mm

~ es 2=1 [C 1] A158 Final .syst.em
¢ 1 spatial pixel
s 170 240 — 790 GHz
:5':-17.5- [O 1] A88 F/dF =500
E 180l [O1] A63 Nsystem ~ 10%
;,%: _185| SMG-like line ratio
o
2 -190 ASTE
S _1o4 ALMA 4 tunings sensitivity

200 400 600 800 1000

Frequency (GHz) Tamura et al.
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DESHIMA . "

First light on ASTE in fall 2017

« 1 spatial pixel

* 49 spectral channels

 F/dF =350

*  Frange = 326-368 GHz

» Optical system efficiency ~2%
* Yield = 100%

Endo et al., arXiv 1901.06934v1

SJJ 100
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S o ’

» 10°
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First-light showcase

Preliminary results! — Many thanks to A. Endo (PI DESHIMA)

Orion Nebula (continuum map)
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NGC253 (CO(3-2) map)
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M CAB

SpaceKIDs — '

Kilopixel KID-based demonstrator system for

) _ 'fUDelft (‘ AimValley
low background space-based applications P

Cryostat

4-30K
-20dB 'I N -10dB T radiator
inner (
DC /
block

i dulesin ol el

Polarizer
3K 0.8K 120 mK

3K
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SpaceKIDs SpaceKIDS

Kilopixel KID-based demonstrator system for g
low background space-based applications ‘c

pace
MUX A NAA NEP 4t Absoption | Dynamic | Cosmic Cross 1/f knee
(factor) | (um) (W/Hz?5) | Efficiency Range Ray talk
dead
time

Baseline 500 350 5 5x 1019 >0.5 >1000 <30% <-20dB <0.5Hz  >60%

Goal 1000 . 1x10"° >10% <10% <-30 dB <0.1Hz  >70%

e - RS -
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SpaceKIDs

spaceKIDS

Kinetic Inductance

Sensitivity st e
pace
107" — . . 107® ——— e Measured NEP
|| NEPg,
1 *
] 1
107" ¢ |
[ e
*- d |
2 3 !
a~ 2 limited |
< &'10'13_ 1 ]
|
109} =
(] 1
1 limited
20 A A 19 N | R M
T 10 10 0 02 10" 102
F [Hz] Loading (fW)

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 52 jpl.nasa.gov



PR Kinetic Inductance
Sensitivity Dedgtors for
pace
Optical NEP
i = Phase N Dark NEP
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SpaceKIDs SpaceKIDS

High fidelity imaging Kinetic Inductance

Detectors for
pace

Low T, mesh critical
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SpaceKIDs SpaceKIDS

Cosmic Rays Kinetic Inductance

D tors for
pace

Single glitches with T~ 1 ms

Fraction dead time

« Earth: 3.2x104 Low T, mesh
o« L2 estimate: ~4%
L2 without mesh: 16-20%
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